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The Quaternary inﬁlling of a circular structure located in Bajada del Diablo, Chubut Province, Argentina
has been proposed as a crater strewn ﬁeld in previous studies. Here we report the ﬁnding of about 65
microspherules collected in a trench excavated in the center of the structure. The majority of hand-
picked specimens are single, but some of them exhibit compound forms. The single specimens are
spherical with a mean size of 137 mm, whereas the more complex samples show peduncles and drop
shapes. Dendritic crystal growth is recognized in the internal structure of some broken microspherules.
Preliminary chemical composition from the surface and center of microspherules was determined by
energy dispersive spectrometry employing EDS. Quantitative EMPA and XRD analysis indicate that the
microspherules are mainly composed of Fe and O with magnetite, Fe0 with subordinate wüstite.
Following consideration of possible anthropogenic and volcanic origins, these spherulites are ascribed to
an extraterrestrial input. An accumulation rate of 47 microspherules per m2/yr is estimated for the
studied sediments. This value is two orders of magnitude higher than the reference ﬂux for cosmic dust
estimated for the last 1 Ma in the Transantarctic Mountains. The microspherules might have been
generated as a byproduct of asteroid entry in the atmosphere.
 2016, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
In the northern Patagonian Massif of Chubut Province in
Argentina (Fig. 1), the two main units exposed are the Quiñelaf
Eruptive Complex and the Pampa Sastre Formation. The Quiñelaf
Eruptive Complex is mainly composed of trachytes witheológicas-IGEBA, Facultad de
Aires, Ciudad Universitaria,
of Geosciences (Beijing).
eijing) and Peking University. Produ
c-nd/4.0/).subordinate rhyolites, trachyandesites, trachybasalts, and pyro-
clastic rocks. Based on several radiometric data, the latest vol-
canic activity of this trachytic unit is inferred as late Miocene
(Ardolino, 1981). The Pampa Sastre Formation is represented by
conglomerate layers with basalt boulder clasts in a coarse sandy
matrix. The presence of interbedded calcic layers has been
described near the top. These sediments are compositionally and
texturally very immature, suggesting short and fast trans-
portation. Ardolino and Franchi (1996) assigned this unit to the
Plioceneeearly Pleistocene. Degradation of the landscape under
an arid/semiarid cold climate produced these gravel and sand
deposits. A general uplift of the area, and a consequent relativection and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
Figure 1. Location of the study area. The point indicates Crater 8 site.
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sequently, erosive and sedimentary processes generated three
accumulation surfaces around the core of this Patagonian massif
(Ardolino and Franchi, 1996).
A volcanic plateau formed by successive lava ﬂows is the most
important geomorphological feature in the area while later ﬂuvial
and gravity processes sculpted this landform (González Díaz and
Malagnino, 1984; Ardolino, 1987).
Based on remote sensing analyses and ﬁeld studies, Acevedo
et al. (2009, 2012) hypothetically ascribed Bajada del Diablo
area to a crater strewn ﬁeld. According to these authors, an
extraterrestrial impactor would have targeted on the Miocene
eruptive Complex Quiñelaf, on the late Pliocene/early Pleistocene
Pampa Sastre Fm. and the Pleistocene alluvial sediments. The
observed circular structures are simple bowl-shaped craters with
high apparent depth/diameter ratios, characterized in some cases
by a raised rim. These craters have been partially ﬁlled in recent
times by diamictic sediments from the rims and windblown
sands.
Acevedo et al. (2009, 2012) proposed that the origin of this
crater ﬁeld might be related to the multiple fragmentation of one
asteroid of “rubble pile” structure that broke up before impact; as
an alternative hypothesis, they suggested a collision of a split
comet. This event would have occurred between early Pleistocene
and late Pleistocene i.e., 0.78e0.13 Ma ago (Acevedo et al., 2009,
2012).Prezzi et al. (2012, 2013, 2016) carried out detailed topographic,
magnetic and electromagnetic ground surveys in the two circular
structures found in Pampa Sastre conglomerates. The magnetic
anomalies show a circular pattern with magnetic lows at the bot-
tom of the structures. Furthermore, near the rims, high-amplitude,
conspicuous and localized (short wavelength) anomalies were also
observed. Such large amplitude and short wavelength anomalies
are not detected outside the circular structures. For all the
employed frequencies, the electromagnetic proﬁles show lower
apparent electrical conductivities at the ﬂoor of the structures,
while at the rims, the signals possess notably higher values. The
authors suggested that at the bottom up to 12 m of Pampa Sastre
conglomeratewould have been removed. On the hand, at the rim of
the circular structure with high-amplitude, localized magnetic
anomalies and higher apparent electrical conductivities are pre-
sent, which would be related to the anomalous accumulation of
basalt boulders and blocks which were permanently magnetized.
The fact that such high-amplitude anomalies are not present
outside the surveyed circular structures, together with geomor-
phological, geological and the other geophysical features of the
studied circular structures, support the hypothesis of an extrater-
restrial projectile impact.
Although Bajada del Diablo was proposed as one of the largest
crater strewn ﬁelds in the world (Acevedo et al., 2012), taking
into account its extension and the number of alleged impact
structures including ca. >80 circular or elliptical features with a
Figure 3. Exposed proﬁle inside the 2 m depth trench dug in Crater 8.
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and debate. The raised rims of Pampa Sastre Fm. sequences with
morphological and geophysical signatures in accordance with the
criteria of Grieve and Pilkington (1996) further characterize these
structures.
In this contribution, we analyze the nature of the Quaternary
inﬁlling of one of these structures (Crater 8 sensu Acevedo et al.,
2009), located at 424604300S, 672404500W. We also evaluate the
evidence for a possible impact (Fig. 1).
2. Materials and methods
In a previous survey, the topography of the Crater 8 (sensu
Acevedo et al., 2009) revealed a diameter of ca. 300 m with an
apparent depth of 16 m (Prezzi et al., 2012; Fig. 2). A 2 m long and
1.2 m depth trench was dug in the center of circular Crater 8 (Fig. 3).
Representative samples of w2.5 kg were collected from all recog-
nized units and described. As the samples were slightly consoli-
dated, effective disaggregation was completed using a porcelain
mortar and a rubber pestle avoiding grain breakage.
The magnetic susceptibility of each sample was measured using
a Bartington suceptibilimeter MS2 at Instituto de Geociencias
Básicas y Aplicadas, Faculty of Exact and Natural Sciences, Univer-
sity of Buenos Aires (IGeBA, FCEN, UBA).
All samples were treated with 10% HCl in order to eliminate
carbonate cements and other calcareous debris as ﬁne grained
carbonates and calcrete horizons were extensively present in the
studied section. Samples were washed with distilled water over a
62 mm Tyler sieve to retain the sandy fraction for further binocular
magnifying glass examination. As observations revealed the pres-
ence of microspherules in some samples, hand picking was carried
out for separating them. Selected specimens were placed on
conductive copper and carbon sticky tapes mounted on a circular
aluminum sample holder. Scanning electron microscopy was car-
ried out using a SEM Zeiss Supra 40 microscope equipped with a
ﬁeld emission gun at Centro de Microscopía Avanzada, CMA, Uni-
versity of Buenos Aires. Images were taken with in-lens detector
and 5 kV acceleration voltages for textural and size analysis. Semi-
quantitative elemental composition of microspherules was deter-
mined by energy-dispersed spectrometry (EDS) using an Oxford
Instruments Detector at the CMA.
Additionally, key-samples were analyzed by XRD and EMPA
techniques.
The mineral chemistry of the various phases in a selection of
microspherules was obtained by electron probe microanalysesFigure 2. Detailed topography of Crater 8 surveyed using a total station. Modiﬁed from
Prezzi et al. (2012).(EPMA) using a JEOL JXA 8230 electron microprobe at LAMARX
(Universidad Nacional de Córdoba, Argentina). Instrument condi-
tions were 15 kV accelerating voltage, 10e20 nA beam current, and
4e6 mm nominal beam spots. Standards used for instrumental
calibration were natural minerals (anorthoclase, anorthite, chro-
mite, fayalite, ilmenite, periclase, nickeline and rhodonite) and pure
elements (Fe, Ni, Co, Ir, Os, Pd, Pt, Rh and Ru).
XRD data were obtained using single crystal and XRPD tech-
niques. A single crystal diffractometer with an EOS CCD detector, by
means of CrysAlis PRO (Oxford Diffraction, 2009) was used
applying Mo radiation. Sample was mounted with oil using a
standard loop. Diffraction data were collected as triclinic system
(reciprocal hemisphere). Two different samples were examined,
278 and 336 frames using 1deg u-scan, of two microspherules
(samples 8.23 and 8.24). As the beam passed through the body of
the diffracting spherule, this technique allowed the individual
characterization of the entire sample without damaging the spec-
imen. After collecting the data, the obtained diffractions points
were transformed to a powder diagram using the “powder power
tool” command. X-ray powder diffraction data were obtained using
an Oxford Diffraction Gemini.
3. Results
The exposed sedimentary proﬁle shows two units labeled from
bottom to top as unit B and unit A separated by an abrupt erosive
appearance contact where vertical cracks could be recognized
(Fig. 4).
The basal unit B is represented by a 70 cm yellowish gray (5Y 8/
1) horizon whose calcium carbonate content increases to the top.
Subparallel and diffuse lamination could be recognized. Calcite
growth generates ﬂoating textures where sand and sabulite grains
(<1 mm in diameter) are dispersed. Microscopic observations
revealed a laminar microstructure deﬁned bymicrite bands. The c/f
20 mm related distribution is open porphyric. The clasts are mainly
composed of microlithic fragments, mono and polycrystalline
quartz, chalcedony, plagioclase, potassium feldspar and heavy
minerals (pyroxene, amphibole and opaque). A micritic calcite
Figure 4. Schematic stratigraphic proﬁle exposed in center of Crater 8.
Figure 5. Microscopic thin section of a pedogenic calcrete horizon, top of unit B. The
clasts are mainly composed of microlithic fragments. A micritic calcite determines a
cristalithic b-fabric. Pedofeatures: carbonate particles, including spherical pellets.
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carbonate particles, including spherical pellets, some of them
concentrically laminated and ooids (Fig. 5), classifying the rock as a
pedogenic calcrete (Hay and Wiggins, 1980; Narayan and Tandon,
1981; Wright, 1983; Alonso-Zarza and Wright, 2010). The
observed characteristics are very similar to those described by
Bouza (2012) in petrocalcic horizons (2Bkm) of Petrocalcids of river
terraces RP1 (155 m above sea level) and RP2 (137 m above sea
level), to the northeast of the Chubut province, Argentina, where atime correlation of these petrocalcic horizons with the Marine
Isotope Stage 5 has been suggested based on mineralogical and
climatic considerations.
The uppermost unit A is represented by a pale brownish (5YR 7/
1), homogeneous diamictic deposit 55 cm thick, composed of a
silty/sandy matrix with w2 cm diameter poorly rounded light
brown basalt pebbles ca. 10e15% of total volume. The volumetric
magnetic susceptibility of collected samples is represented in Fig. 4.
A pronounced increase of magnetic susceptibility in the diamictic
material is observed; followed by a gradual and moderate decrease
toward the top. The signal is compatible with a higher amount of
magnetic minerals, gradually decreasing towards the top. This
variation can also be related to a decrease in magnetic particles
grain size from base to top of the upper unit (Dunlop and Özdemir,
1997).
The samples containing microspherules are located over the
sharp contact between the pedogenic calcrete of unit B and the
diamictic sediments of unit A (samples 8.2e8.3 in Fig. 4).
A total of w65 spherical microspherules ranging in diameter
from 88 to 300 mm were recovered from the lower part of unit A.
Appendix 1 shows all recovered microspherules. The majority of
hand-picked specimens are single spherical forms, whereas some
are compound forms. The others show peduncles and drop shapes
(Fig. 6). A dendritic crystal growth was recognized in the internal
structure of broken individuals (Fig. 7).
Microspherules display a symmetric unimodal granulometric
distribution with a mean fraction generally between 125 and
250 mm size (Fig. 8a). Although themicrospherules exhibit different
surface morphologies, most of them have a polygonal texture with
interlocking crystals (Figs. 8b and 9). Smooth surfaces with no
signiﬁcant changes in geometry, protrusions and brain or skein
types with brick-work patterns are also identiﬁed (Fig. 10). EDS
surface chemical analysis of the microspherules reveals Fe and O as
major constituents with subordinate C, Si, Ca and Al. Among other
trace elements Dy, V, Mn and Ti are also detected (Table 1).
Chemical composition of the microspherules vs. size is represented
in Fig. 11.
The crystal composition of the collected microspherules in the
powder diagrams determined by XRD shows that the main peaks in
both samples correspond to a major spinel phase (magnetite, PDF
19/0629). However, small differences can be found between the
signals of the two samples (Figs. 12 and 13).
Figure 6. Electron microscope photomicrographs of the microspherules. The majority have a spherical shape with occasional siliceous peduncles (a, b, c and d). Single and
compound forms (e and f) are observed.
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and weak peaks. Sample 8.24 (Fig. 13) exhibits a simple feature
which represents practically only magnetite. In sample 8.23, addi-
tional signals at 19.18, 27.20, 33.29 and 42.22 could be assigned to
wüstite (PDF 46-1312). On the other hand, the weak peak at 20.41
in the same sample could indicate the presence of Fe0 (PDF 87-
0721). Sample 8.24 also displays weak andwide signals at 17.82 and
21.76 that are not present in sample 8.23, and could not be
assigned. The mineralogy detected by X ray is in agreement with
atomic percentages obtained by EDS technique.
Table 2 shows EDS analysis of two brokenmicrospherules taking
into account different spot areas for each specimen (samples 8.36
and 8.66). The internal structure observed with backscattered
diffraction exhibits a polygonal patterned surface compatible with
a dendritic crystal intergrowth of mainly Fe and subordinate C
phases (Fig. 14).
Selected microspherules were sectioned and polished for EMPA
analyses. Data from two samples were obtained (ﬁve measure-
ments in total, two from one and three from the other one). Table 3shows the microprobe results with their respective standard de-
viations. The results show the following elements. Microspherule 1
contains mostly Fe and small percentages of Si and Al; although the
concentration of the subordinate elements is very low, they vary
markedly in the two analyzed spots. Three different zones were
measured inMicrospherule 2, with Fe as the major element. Also, Al,
Si, Ti and Mg were detected in small quantities. Ti concentration
was similar in all spots and only one measurement revealed the
presence of small quantities of Mg.
In summary, the results described above show that the micro-
spherules possess dendritic internal structure, and compositional
intergrowth of predominantly magnetite and subordinate wüstite,
with interstitial metallic iron and an undetermined phase that
include carbon.
4. Discussion
Acevedo et al. (2012) found four Fe-Ni lawrencite-bearing
microspherules of 300 mm in average diameter, presumably
Figure 7. Details of the internal texture of two selected microspherules: sample 8.10 top right and left show an apparently inwards indentation whereas sample 8.22 bottom right
and left exhibit a hollow with dendritic crystal growth.
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coverage. The composition allowed them to suggest a potential
contamination with Cl during atmospheric entry. However, these
microspherules are not included in the following discussion due to
different methodology of treatment of the samples.
Several mechanisms are proposed for the origin of nano and
microspherules in the literature. Their genesis can be attributed as
terrestrial byproduct of volcanism or anthropogenic activities and
on the other hand, to three possible sources of extraterrestrial
matter: (1) recrystallized cosmic dust; (2) meteor ablation or (3)
the direct result of a crater impact process as dissipated melt drops
(French and Koeberl, 2010).Figure 8. (a) Frequency versus size of spherules. Mean fraction is located between 125 and 2
common in the analyzed samples.Carracedo Sánchez et al. (2015) reported microparticles associ-
ated with explosive phase eruptions related to basaltic volcanism.
These volcanic microspherules exhibit a siliceous composition,
irregular shape, and larger average diameters around 1 mm. The
microspherules discussed in this contribution cannot be linked to
such processes due to the notable texture, size and compositional
differences in comparison to those of volcanic origin.
The studied area is an isolated region. There are no major roads,
with only a few tracks. The nearest industrial factory area (Aluar,
Puerto Madryn, Chubut Province) is located 200 km eastward.
Moreover, the prevailing winds in the area are SeSW; consequently
pollution in the vicinity is unlikely. Furthermore, the external50 mm sizes. (b) Frequency versus surface texture type. Polygonal textures are the most
Figure 9. Detailed images of external texture patterns. The polygonal texture is an interlocking arrangement of dendritic crystals. Skein type is determined by ﬁligree like patterns
with dendritic ﬁne crystals. Fish scales are deﬁned by the overlapping of crystals with sharp boundaries facing outwards. Mixed is a composite type in which across the surface of a
polygonal crystal a ﬁligree pattern could also be identiﬁed.
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Figure 10. Detailed images of external texture patterns. Top: Brain texture is determined by a ﬁne dendritic crystal growth. Bottom: Crossed type texture deﬁned by distinctive
ﬁligree like patterns with two dominant directions superimposed over a single crystal.
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characteristic, “orange-peel” features (Maher et al., 1999; Evans and
Heller, 2003). Considering the location of the studied area, and the
textures observed in the collected material, an anthropogenic
origin is also excluded, and support an extraterrestrial origin.
Microspherules with different composition and size have been
previously documented in crater strewn ﬁelds such as Macha,
Russia (Gurov and Gurova, 1998), Kaali Island, Estonia (Raukas,
2004) and Morasko, Poland (Stankowski et al., 2006; among
others).
Chemical composition showed no signiﬁcant changes with
respect to particle size (Fig. 11). Most of the microspherules are
mainly composed of Fe and O.Minor elements such as C, Si, Ca, Y, Al,
and Dy could be derived from the calcrete substrate and/or clasts of
alumina-silicate basic rocks from Pampa Sastre Fm. Cl and Na are
related to surface mineral overgrowths produced by recent exog-
enous processes. Conspicuous higher silica content in peduncles, in
contrast to lower values of surface composition of the micro-
spherule, could be attributed to differentiation processes during
crystallization.
According to the chemical composition, mostly composed of
FeO (Table 1), the Crater 8 microspherules were classiﬁed as I-type
following Genge et al. (2008) criteria. The XRD and EMPA data show
magnetite-wüstite and possible metallic iron intergrowths (Figs. 12
and 13 and Table 3). I-type microspherules are present in deep sea
collections; however, they constitute only 2% of 1600 cosmic par-
ticles collected at the bottom of the South Pole Water Well (Taylor
et al., 2000). The composition of these microspherules was attrib-
uted by other authors to an extraterrestrial origin (Marini et al.,
2004; Genge et al., 2008; Folco et al., 2015; among others). As
mentioned previously, most of the ﬁndings correspond to single
microspherules, but compound forms analogous to those describedby Marini et al. (2004) from Kaali crater ﬁeld in Estonia, were also
detected.
In order to compare with the current normal ﬂux of cosmic
input, an estimation of the microspherules concentration was car-
ried out, taking into account the horizon with the highest number
of particles (Unit A e sample 8.2). Considering a collected sample
weight of 2.5 kg, loess density of 2.200 kg/m3 and a typical depo-
sition rate for this type of sediment of 14 mm/1000 yr (minimum
estimative rate of deposition for eolian silts, Valencio et al., 1987),
an accumulation rate of 47 microspherules per m2/yr was esti-
mated. This value is two orders of magnitude higher than the
reference ﬂux presented by Rochette et al. (2008) for the last 1 Myr
in the Transantarctic Mountains (0.17 spherulites per m2/yr).
Furthermore, Crater 8 microspherules double the estimated values
documented by Voldman et al. (2013) for the Ordovician of
Argentina, (9.2e19.6)  106 per m2/Myr, which is considered an
anomalous microspherule ﬂux. Therefore, the very high anomalous
concentration of Crater 8microspherules seems not to be related to
cosmic dust input through the atmosphere.
Blanchard et al. (1978) proposed a mechanism of microspherule
genesis based on observations in samples recovered from oceanic
abyssal clays. Microspherules were formed as melted particles, and
then progressively recrystallized following separation from the
parental meteoritic bodies. In the case of iron meteoroid bodies,
metal oxidation can produce wüstite, magnetite and occasionally
hematite.
Examples of microspherules formed in terrestrial impact events,
as droplets of glass and melted meteoritic metal, are related with
young and well-preserved impacts craters. Moreover, micro-
spherules are increasingly recognized as an important component
of the distal ejecta layer from impact structures, and they may be
found at great distances from the impact site (French, 1998).
Table 1
Size, texture and chemical composition (in wt.%) of the collected micro spherules.
Sample Size (mm) Text Fe O C Si Ca Al Na Cu Cl Dy Mn K S Mg Ti V
8.1 150 P 57.8 34.7 3.0 0.0 0.0 0.0 0.0 0.0 0.0 4.6 0.0 0.0 0.0 0.0 0.0 0
8.2 150 P 58.3 32.8 3.7 0.0 0.0 0.3 0.0 0.0 0.0 4.6 0.3 0.0 0.0 0.0 0.0 0
8.3 100 Sk 63.9 28.7 3.4 0.0 0.0 0.0 0.0 0.0 0.0 4.0 0.0 0.0 0.0 0.0 0.0 0
8.4 81 Sk 64.6 30.2 4.5 0.3 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.5 145 P 67.0 29.3 3.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.6 74 Sk 54.3 38.5 7.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.7 125 Sm 56.6 35.8 6.5 0.3 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.8 160 Sk 60.1 33.4 5.4 0.7 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.9 170 Sk 69.6 27.5 2.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.10 110 P 63.7 33.4 3.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.11 120 Sk 62.8 7.4 28.1 0.0 0.0 0.2 0.0 1.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.12 100 Sm 63.8 31.2 4.2 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.13 100 Mx 59.8 34.9 4.3 0.0 0.0 0.3 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.14 162 P 46.3 32.0 20.8 0.3 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.15 138 Sk 59.0 31.6 9.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.16 90 P 63.8 28.5 6.9 0.3 0.3 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.17 120 Sk 61.8 32.0 6.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.18 88 Sk 71.4 19.0 9.3 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.19 150 Sm 62.5 30.2 6.4 0.6 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.20 110 Sm 62.6 30.9 5.8 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.21 150 P 64.7 31.3 3.4 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.22 275 Sm 70.4 5.7 21.5 0.5 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.23 250 P 62.8 33.0 4.0 0.3 0.7 0.2 0.0 1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.24 163 Sk 34.3 42.7 20.4 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.25 157 Sm 53.3 34.5 10.0 0.0 0.0 0.0 0.0 0.0 2.6 0.0 0.0 0.0 0.0 0.0 0.0 0
8.26 95 Sm 48.6 9.3 42.1 0.5 0.4 0.3 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.27 90 Sm 65.1 29.6 4.3 0.0 0.0 0.3 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.28 85 Cr 61.5 28.5 6.0 0.7 0.8 0.4 1.1 0.0 0.5 0.0 0.0 0.0 0.0 0.6 0.0 0
8.29 150 P 70.9 15.8 9.1 1.3 1.4 0.5 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.30 167 Sm 60.7 33.3 4.7 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0
8.31 300 P 70.0 27.8 2.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.32 130 Sm 61.8 34.7 3.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.33 167 P 65.4 32.4 2.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.34 140 P 60.4 33.8 3.2 1.0 1.1 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.35 210 P 56.5 36.6 5.5 0.5 0.5 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.36 110 P 58.2 33.4 3.7 1.4 1.1 1.1 0.0 1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.37 84 B 54.7 37.1 3.2 1.7 1.3 0.9 0.0 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.38 125 Sm 41.0 36.9 7.2 4.7 0.0 2.8 0.0 0.9 0.0 0.0 0.0 0.0 0.0 1.3 4.9 0.3
8.39 65 P 53.8 31.9 6.3 0.0 0.2 0.3 2.9 0.7 1.1 2.6 0.0 0.2 0.0 0.0 0.0 0
8.40 75 Sm 57.3 31.7 4.8 0.0 0.0 0.4 0.6 0.7 0.3 4.3 0.0 0.0 0.0 0.0 0.0 0
8.41 82 Fs 59.0 27.7 5.2 0.3 0.4 0.0 2.5 0.8 1.1 2.8 0.0 0.0 0.3 0.0 0.0 0
8.42 100 Fs 59.5 34.3 4.2 0.4 0.4 0.4 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.43 85 P 49.5 36.1 9.4 0.3 0.7 0.3 2.1 0.9 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0
8.44 127 Sm 59.9 34.0 4.6 0.0 0.4 0.0 0.9 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0
8.45 180 P 61.1 34.6 4.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.46 130 Mx 59.1 30.1 9.6 0.3 0.3 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.47 171 P 67.7 28.8 3.4 0.5 0.3 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.48 127 P 61.6 33.2 4.1 0.0 0.0 0.4 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.49 147 P 53.7 29.3 14.7 0.4 0.5 1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.50 137 Sk 66.5 27.0 6.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.51 185 Sm 59.9 26.0 8.7 0.8 2.7 0.3 0.0 0.7 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0
8.52 187 Sm 60.3 26.2 9.5 1.0 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0
8.53 197 P 63.4 32.5 4.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.54 111 P 66.4 30.1 3.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.55 95 Sm 57.6 29.5 10.0 1.4 0.5 0.3 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.56 75 P 62.7 27.0 8.6 0.4 0.4 0.0 0.0 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.57 127 Sm 55.1 8.8 28.6 0.5 0.4 0.3 0.0 1.7 0.0 0.0 0.0 0.0 0.0 0.0 4.2 0.4
8.58 147 P 64.5 29.1 4.7 0.0 0.6 0.0 0.0 0.7 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0
8.59 180 P 52.4 37.2 8.2 0.6 0.8 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.60 160 Sk 54.3 40.4 4.6 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.61 152 Sk 63.2 32.4 4.3 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.62 168 P 64.8 30.0 4.8 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.63 160 Sk 62.8 33.8 3.2 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.64 140 P 63.6 31.2 4.5 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
8.65 100 P 52.7 23.9 22.0 0.4 0.4 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
P ¼ polygonal; Sk ¼ skein; Sm ¼ smooth; B ¼ brain; Cr ¼ crossed; Mx ¼ mixed; Fs ¼ ﬁsh scale.
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processes during the entry stage due to heating of meteorites. The
ﬁrst chemical and mineralogical reaction of crust fusion involves
the separation of Fe-rich liquids and subsequent reaction with at-
mospheric oxygen. Meteorite ablation spheres are melt dropletsthat separate from meteoroids by ablation during atmospheric
entry. These spheres removed during the last few seconds of lu-
minous ﬂight must have been derived from the same melt that
cooled to form the melted crust. Low-altitude meteoritic ablation
microspherules could be locally abundant on the Earth’s surface. It
Figure 11. Chemical composition of the collected microspherules sorted by size. a: All size groups. b: 125e250 mm spherules. c: 62e125 mm spherules. d: 250e500 mm spherules. No
signiﬁcant variation in composition related to size has been detected.
M.J. Orgeira et al. / Geoscience Frontiers 8 (2017) 137e149146is important to distinguish them from cosmic spherules, which
form by the melting of extraterrestrial dust particles, because they
could severely bias individual collections of micrometeorites.
Meteorite ablation microspherules can be unequivocally identiﬁed
based on their cosmogenic isotope determination because, as part
of a larger meteoroid, they experience less exposure to radiation
than cosmic spherules.
Marini et al. (2004) found microspherules similar to those
described in the present contribution. The inner parts of some of
them consist of large, interlocking grains of magnetite. Frequently,
inner structures comprise a central hollow. The walls of the cavityFigure 12. XRD data from microspherule 8.23. Main peaks obtained of the powder diagram
19.18 , 27.20 , 33.29 and 42.22 could be assigned to wüstite (PDF 46-1312). Weak peak aexhibit extremely coarse, dendritic clusters of magnetite-wüstite.
According to these authors, the microspherules might record
growth from a vapor phase, during the earliest sequences of an
impact scenario, from entry into upper atmosphere to mass vapor
release, immediately after impact.
Guaita and Martegani (2008) compared the mechanisms
involved in analogous synthetic material with those of well
established cosmic origin. Following these results, the origin of
microspherules can only be explained as ablation products by
aerodynamic melting of meteoroids where they enter into the at-
mosphere. Typical ablation spheres are produced by melting ofs correspond to a major spinel phase (magnetite, PDF 19/0629). Additional signals at
t 20.41 could indicate the presence of Fe0 (PDF 87-0721).
Figure 13. X-ray data from microspherule 8.23 and 8.24. Main peaks in both samples
correspond to a major spinel phase (magnetite, PDF 19/0629). Sample 8.24 displayed
weak and wide signals at 17.82 and 21.76 that were not present in sample 8.23; they
were unable to be assigned.
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high velocities. Therefore, approximately at 80 km altitude a
deceleration, intense frictional heating, melting, partial vapor-
ization and solidiﬁcation take place.
Johnson and Melosh (2012) proposed a numerical model of
spherule formation in an impact produced vapor plume. Their
model shows that smaller spherules can be formed in the outer,
faster moving, portions of the vapor plume at earlier times. Glass
and Simonson (2012) also proposed that during large impacts,
layers of melted and crushed rock are spread over large areas. At
distances greater thanw10 crater radii, the distal ejecta primarily
consist of impact microspherules formed from melt and vapor-
condensate droplets. Johnson and Melosh (2014) developed a
reﬁned numerical model of microspherules formation. Their
analysis makes predictions about the size of the ejecta products
and their relationship to impactor size, impact velocity and ejec-
tion velocity. Larger impactor sizes resulted in larger ejecta
products and higher ejection velocities resulted in smaller ejecta
ones.
Ni-rich iron metal nuggets can occur within microspherules. I-
type microspherules often contain a single large spherical void that
may form by the loss of molten metal beads from the particle
(Genge et al., 2008). They can also exhibit a central irregular void
space, probably due to a rapid cooling of the melt inwards the
surface.
Furthermore, Bi et al. (1993) suggested that Ni-Fe alloy
microspherules represent the ejected cores of cosmic spherules.
They described qualitatively the complete process as the result
of which a FeO crust spherule without core is formed. Yada et al.
(1996) found two types of internal composition in I-typeTable 2
EDS analysis of two brokenmicrospherules taking into account different sample size
areas for each specimen (Samples 8.36 and 8.66) (Major elements in wt.%).
Sample Area
(mm2)
Fe O C Si Ca Al Texture Comments
8.66 (Inner) 10 71.9 14.2 12.7 0.3 0.3 0.2 Dendritic
intergrowths
NE quadrant
8.66 (Inner) 10 69 25.1 3.4 0.9 0.6 0.8 Dendritic
intergrowths
SW quadrant
8.36 (Inner) 0.16 73.1 9.4 17.3 0 0 0 Dendritic
intergrowths
Center quadrant
8.36 (Inner) 5 68.4 20.9 10.5 0 0 0 Dendritic
intergrowths
E quadrant
8.36 (Inner) 6.25 67.1 29.4 3.4 0 0 0 Dendritic
intergrowths
SW quadrantmagnetic microspherules collected from deep sea sediments.
One of these with a Ni-free Fe-oxide crust accompanied with a
Fe-Ni off-centered core and the other without a core surrounded
by a Fe oxide crust. Based on numerical simulations, they pro-
posed that this differentiation took place during the entrance of
particles in the atmosphere with link to an ablation process
where oxidation has a primary role, similar to those described
by Bi et al. (1993).
Considering the different hypotheses proposed above, we infer
that the Crater 8microspherules might have been generated by the
ablation of an extraterrestrial body during its entry into the at-
mosphere (Blanchard et al., 1978, among others), or by a plume
linked with the high speed impact of a discrete body taking into
consideration individual spherule sizes (Johnson and Melosh,
2014). Currently, no isotopic data is available in order to reinforce
the meteoric origin of the studied material.
The chemical composition and hollow structure displayed by
several Crater 8 microspherules (Tables 1e3, and Fig. 7) could be
attributed to a loss of a Ni-Fe core, like the one underwent by the
microspherules described by Bi et al. (1993).
The presence of peduncles whose composition differs from the
associated microspherules (Table 1 and Fig. 6) could be explained
through a differentiation process during crystallization. The orig-
inal ﬂuid would have segregated in a ﬁrst stage mainly forming Fe-
O microspherules and then a residual higher silica ﬂuid crystallized
as a peduncle.
Considering Crater 8 dimensions and the associated crater
strewn ﬁeld dispersion, we can draw the following inferences. The
apparent depth/diameter ratios of individual structures in Bajada
del Diablo is not consistent with the relationship proposed by Pike
(1980) and Grieve and Pilkington (1996) or the geometry of un-
disturbed simple craters like Kamil Crater described by Folco et al.
(2011). Furthermore, the crater strewn ﬁeld of Bajada del Diablo
does not show the expected dispersion size according to Collins
et al. (2005). Also, there is a signiﬁcant variability among the
morphometric parameters of currently known strewn ﬁelds.
However, given the fact that the accepted strewn ﬁelds are rela-
tively few, and the majority of them were modiﬁed by exogenous
processes, the preservation of only a partial signature of the original
geometry ratios seems to be frequent.
The criteria established by French and Koeberl (2010) for
description and recognition of terrestrial impact structures have
not been satisﬁed yet for Bajada del Diablo features. Nevertheless,
these circular structures have three signiﬁcant aspects: remarkably
higher concentrations of microspherules than the average cosmic
inﬂux in the center of Crater 8; geophysical signatures compatible
with the ones expected for an impact structures indicated by Prezzi
et al. (2012, 2013, 2016), and geomorphological characteristics
described by Acevedo et al. (2009, 2012). These lines of evidence
merit further investigation as a potential candidate for impact
structure research.
5. Conclusions
Our study leads to the following major conclusions.
The microspherules seem to be generated as a byproduct of an
asteroid entry into the atmosphere.
According to the chemical composition dominated by FeO, the
Crater 8 microspherules were classiﬁed as I-type. XRD and EMPA
analyses show magnetite-wüstite and possible metallic iron
intergrowths.
Three lines of evidence suggest that at least a part of the Bajada
del Diablo area could have undergone multiple impacts of extra-
terrestrial impactors as follows: (1) The existence of circular
structures that are not related to exogenous or volcanic processes;
Figure 14. Internal structure observed with backscattered diffraction exhibit a polygonal patterned surface that is compatible with a dendritic crystal intergrowth.
Table 3
EMPA determinations from two spherules (ﬁve measurements in total, two from one and three from the other one).
Msph 1-1 Msph 1-2 Microsph 2-1 Msph 2-2 Msph 2-3
wt.% s wt.% s wt.% s wt.% s wt.% s
Al 0.036 0.02 0.016 0.02 0.103 0.01 0.046 0.02 0.072 0.01
Si 0.045 0.02 0.027 0.02 0.052 0.01 0.033 0.02 0.026 0.02
Mg bdl 0.007 0.02 0.026 0.01 0.001 0.01 0.007 0.01
Co bdl bdl bdl bdl bdl
Ca bdl bdl bdl bdl bdl
Ti bdl bdl 0.082 0.06 0.09 0.10 0.09 0.10
Pt bdl bdl 0.178 0.08 0.032 0.11 bdl
Ir bdl bdl 0.05 0.07 0.066 0.12 0.008 0.10
Os bdl 0.145 0.12 bdl bdl 0.036 0.13
Ni bdl 0.045 0.06 bdl bdl bdl
Fe 100.692 0.05 101.897 0.08 100.144 0.04 101.233 0.05 100.497 0.05
Cr 0.042 0.04 0.019 0.04 0.037 0.03 0.003 0.04 0.012 0.04
Ru 0.055 0.04 bdl bdl 0.046 0.04 bdl
Rh bdl bdl bdl bdl bdl
Pd bdl bdl bdl bdl bdl
Total 100.87 102.15 100.67 101.55 100.74
bdl ¼ below detection limit; s ¼ standard deviation; Msph ¼ microspherule
M.J. Orgeira et al. / Geoscience Frontiers 8 (2017) 137e149148(2) magnetic, gravimetric and electrical resistivity anomalies
compatible with the ones expected for impact; (3) the presence of
meteoritic microspherules in anomalously high concentration.
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